Objectives: The balance of the vaginal ecosystem depends on lactobacilli whose biofilm protects against microorganisms that are not normally present or are subdominant in vaginal flora. Vaginal infection treatments should eliminate pathogens while preserving the Lactobacillus flora to prevent relapse or recurrence. The objective of this study was to determine the sensitivity of lactobacilli to antiseptics, antibiotics and antifungal agents used, alone or in combination, in the topical treatment of infectious vaginitis. Materials and Methods: The minimum inhibitory concentration (MIC) of 15 active ingredients and the minimum inhibitory dilution (MID) of 17 pharmaceuticals products were determined for three main Lactobacillus strains (L. crispatus, L. gasseri and L. jensenii). Results: The MICs of the antibiotics and antifungal agents were above their critical concentrations in the three strains, contrary to the antiseptics. According to their MID, some pharmaceutical products, especially combinations, inhibit the growth of one or more strains at concentrations that can be found in the vaginal mucosa after application at the usual dosage. Conclusions: Certain topical anti-infective drugs may interfere with the growth of lactobacilli, worsening the vaginal flora imbalance. Maintaining vaginal flora balance should be a selection criterion when choosing an anti-infective therapy.
Introduction
Skin and mucous membranes are constantly colonized by microorganisms that form a physiological biofilm. This biofilm protects against colonization by exogenous potential pathogens [1] [2] . In the vaginal epithelium, further protection is provided by lactic acid produced by Lactobacillus bacteria [1] [2] . Lactate accumulation maintains the vaginal pH between 3.8 and 4.5, where few pathogens are able to develop. This protects the vaginal cavity from colonization, particularly by fecal bacteria such as Enterobacteriaceae, Enterococci and Clostridium, and therefore protects against vaginal, uterus or urinary tract infections [3] - [5] . In addition, a number of Lactobacillus strains produce hydrogen peroxide [6] - [8] . This bactericidal agent plays a key role in regulating vaginal flora by inhibiting pathogens. Ultimately, the presence of lactobacilli is fundamental for vaginal physiology. Lactobacillus gasseri, Lactobacillus jensenii and Lactobacillus crispatus are the strains producing hydrogen peroxide most frequently isolated in normal vaginal flora [9] [10] .
Changes to the vaginal environment (change in pH, douching, etc.) can create an imbalance in the physiological flora and cause microorganisms that are not normally present or subdominant to thrive, resulting in infectious vaginitis [11] [12] . Based on the colonizing microorganism, the infectious vaginitis is classified as fungal (mainly Candida), Trichomonas (parasite), bacterial or mixed (several microorganisms). Various topical treatments can be considered to treat infectious vaginitis, depending on the microbial infection: an antifungal agent, an antiseptic, an antibiotic, an antiparasitic or a combination of more than one of these active ingredients in a vaginal formulation (pessaries, capsules, tablets, suppositories). Unlike antiseptics, which have a broad spectrum activity on all microorganisms, antibiotics specifically target bacteria and have a fairly narrow spectrum of activity. Around 25% of cases are mixed vaginitis, warranting the use of topical antimicrobial combinations such as antifungal agents and antibiotics [13] .
It is acknowledged that oral antibiotics can lead to vaginal mycosis [14] . Thus, 3% to 20% of patients with idiopathic vulvovaginal candidiasis recently took oral antibiotics; the longer the treatment duration the greater the risk of candidiasis [14] - [16] . The change in Lactobacillus flora could explain candidiasis induced by antibiotics, given that an inverse correlation between the presence of protective lactobacilli in vaginal flora and vaginitis development can be observed [17] . Furthermore, it has been demonstrated that recolonization by hydrogen peroxide-producing lactobacilli one month after treatment of genital infections only occurs in 40% of patients when oral metronidazole is taken and in 57% when topical clindamycin is used [18] . However, the effect of antimicrobial agents used to treat vaginitis on the balance of Lactobacillus flora has rarely been assessed.
In this in vitro study, the effect of topical treatments of infectious vaginitis was tested on the growth of Lactobacillus strains. The objective was to identify the active ingredients and formulations potentially less harmful to the balance of normal vaginal flora.
Materials and Methods

Active Ingredients, Pharmaceutical Products and Bacterial Cultures
The antimicrobial active ingredients tested were obtained from Sigma (Bornem, Belgium). Innotech International Laboratory (Arcueil, France) provided the 17 vaginal formulations tested comprising 15 of the most widely used active ingredients in Europe (azole derivatives, nystatin, antibiotics, antiseptics, etc.).
The activity of the different products ( Table 1 ) was evaluated for three strains of Lactobacillus: L. crispatus (strain LMG 11440), L. gasseri (strain LMG 13134) and L. jensenii (strain LMG 6414). The strains were obtained from the BCCM/LMG Bacteria Collection (Ghent, Belgium) and were grown on MRS agar (Oxoid, Drongen, Belgium) at 37˚C.
Determination of the Minimum Inhibitory Concentration (MIC) of the Pure Active Ingredients
The active ingredients were tested separately and the minimum inhibitory concentration (MIC) was assessed us ing a standardized method by microplate dilution (EUCAST method). After culturing for 24 hours, 10 mL of the Lactobacillus suspension were centrifuged then suspended in 100 mL of double strength MRS broth. 0.1 mL of this bacterial suspension was placed in each well of a 96-well microplate. 0.1 mL of the appropriate dilution of each antimicrobial active ingredient was then added. The microplates were incubated at 37˚C for 24 hours and the optical density was then read at 490 nm (Perkin Elmer, Vilvoorde, Belgium). The concentration of the first dilution without Lactobacillus bacterial growth is the minimum inhibitory concentration (MIC) of the active ingredient tested. This MIC should be compared to the critical concentrations (CC) that the Antibiogram Committee of the French Society for Microbiology (SFM) defines each year for antibiotics on the market [19] . The lower and upper CCs of an antibiotic represent the minimum and maximum antibiotic doses that are effective on the bacterial strain and safe for humans. After antibiotic treatment at the usual dose, the concentration of active ingredient which can be obtained in the serum and tissues is expected to range between the lower and upper CCs. A bacterial strain is characterized as sensitive or resistant to a particular antibiotic, based on whether the MIC of the antibiotic is below the lower CC or above the upper CC.
Determination of the Minimum Inhibitory Dilution (MID) of the Vaginal Formulations
The activity of vaginal products, some of which contain more than one active ingredient, was tested according to the procedure used for active ingredients. Each unit (pessary, vaginal capsule, vaginal tablet, vaginal suppository) of vaginal formulation was dissolved in 5 mL of saline solution (stock solution) for 1 hour at 37˚C. Serial dilutions of factor 2 of the stock solution were made and 0.1 mL of each dilution was added to the Lactobacillus suspensions prepared in the microplates as described above. The vaginal formulations were diluted from 1/2 (50%, the highest concentration) to 1/1000 (0.1%, the lowest concentration tested). The minimum inhibitory dilution (MID) of all formulations was achieved for the three Lactobacillus strains and the concentration of each active ingredient corresponding to the MID of the formulations tested was calculated.
Estimation of the Influence of Vaginal Formulations on the Growth of Lactobacilli
To estimate the effect of the vaginal formulations on lactobacilli, a critical MID threshold was defined. This threshold corresponds to the assumed vaginal concentration of the active ingredient(s) after topical administration of the formulation. A vaginal formulation will therefore be considered as harmful to Lactobacillus flora if the MID obtained is at or below the critical threshold. Conversely, a formulation will be considered not to harm lactobacilli if the MID is above the critical threshold. According to the literature, the tissue concentration of the active ingredients found after topical application is generally lower than the concentration corresponding to a 1/100 dilution of the vaginal formulation, but greater than the concentration corresponding to a 1/1000 dilution [20] - [24] . The critical MID threshold was therefore established as a 1/128 dilution, or 0.8% of the stock solution. Table 1 describes the 17 pharmaceutical products tested with their active ingredients, unit dose and concentration. Eight of these products are combinations of antibiotics and antifungal agents or antifungal agents and antiparasitics. The other nine products contain only one active ingredient, either an antifungal agent (n = 6) or antiseptic (n = 3). The minimum inhibitory concentration (MIC) of the 15 active ingredients of the formulations tested was determined for each of the three strains of lactobacilli ( Table 2) . Chlorhexidine and Polyvinylpyrrolidone (PVP), antiseptic active ingredients, have low MICs for the three strains of Lactobacillus, well below the critical concentrations (CC) established for these active ingredients. Conversely, for all the antibiotics and antifungal agents tested, the MIC values are high, above the CCs. Table 3 summarizes the MID of the 17 pharmaceutical products for the three Lactobacillus tested strains and assesses their impact on Lactobacillus growth. Overall, the MID values of the formulations are consistent with the MICs of their active ingredients ( Table 2) . For example, for the Nystatin-Neomycin-Polymyxin B combination (NNP), the concentrations of the three active ingredients at the MID are consistent with the MICs calculated for the pure active ingredients (between 110 and 440 mg/L for polymyxin B and neomycin, and between 310 Table 3 . MIDs of pharmaceutical products (n = 17) for the 3 Lactobacillus strains. and 1250 mg/L for nystatin).
Results
Minimum inhibitory dilution (% dilution of the marketed product)
Marketed product
Regarding the antiseptics, two out of the three tested products-Povidone iodine and Chlorquinaldol-Promestriene combination (P and CP, respectively)-gave MIDs well above the critical threshold of 0.8%. On the other hand, Chlorhexidine gluconate antiseptic (G) has an MID below the critical threshold for the L. gasseri strain.
The analysis of the vaginal antifungal formulations Clotrimazole, Fenticonazole 40 and 120 mg/mL, Ketoconazole, Miconazole and Natamycin (C, F4, F12, K, M and N, respectively) gave fairly consistent results with a very high MID for the three Lactobacillus strains in five out of the six tested products. Miconazole formulation (M) is the only product with an MID below the critical threshold determined for one strain (L. crispatus).
As for the antibiotic/antifungal and antiparasitic/antifungal combinations, six out of the eight tested products have MIDs lower than or equal to the critical dilution threshold of 0.8%. Indeed, the MIDs of the MetronidazoleNeomycin-Nystatin and Ternidazole-Neomycin-Nystatin combinations (MNN and TNN, respectively) are 0.8% for L. crispatus. The pharmaceutical products Metronidazole-Miconazole (MM), Ornidazole-Neomycin-Nystatin (ONN) and Clindamycin-Ketoconazole (CK) give MIDs below this threshold value for 2 strains, whereas Nifuratel-Nystatin formulation (NN) gives MIDs below 0.8% for the three strains tested.
Discussion
This in vitro study shows the effect of 17 pharmaceutical products indicated in the topical treatment of infectious vaginitis and the effect of their active ingredients on 3 main Lactobacillus vaginal strains.
The results suggest that the three Lactobacillus strains tested are resistant to the antibiotic and antifungal active ingredients. However, the antiseptic active ingredients could have a destructive effect on lactobacilli in vivo, since their MICs are lower than the critical concentrations.
It should be noted that the CCs correspond to plasma levels. The results are extrapolated for topical use, with a higher tissue concentration after administration than the plasma concentrations achieved by oral administration. Therefore, the MIDs of the vaginal formulations were determined and a critical threshold of 0.8% was defined, corresponding to the assumed topical concentration after administration [20] - [24] . This threshold can be used to estimate the formulations potentially harmful to the vaginal flora balance. Hence, of the 17 formulations tested, 8 inhibit the growth of at least one of the three major Lactobacillus strains.
Of the three antiseptics tested, two products (P & CP) do not affect the growth of the Lactobacillus strains studied. These formulations could be considered for adjunctive treatment of vaginitis.
Regarding products containing only an antifungal agent, their very high MIDs suggest that they do not affect the three strains of Lactobacillus, as expected. However, the product containing Miconazole (M) may inhibit the L. crispatus strain (MID = 0.8%). The high concentration of active ingredient could explain this formulation's harmful effect on the growth of lactobacilli.
Regarding combinations (antibiotic/antifungal and antibiotic/antiparasitic), only two out of the eight tested pharmaceutical products do not interfere with in vitro growth of the three Lactobacillus strains. For these two formulations (MMPN and NNP), concentrations 2 -8 times higher than the assumed vaginal concentration after topical application would be required to inhibit lactobacilli. At the assumed topical concentration, the other six combinations inhibit the growth of one strain (MNN and TNN), two strains (CK, MM and ONN) or even of the three strains (NN) of Lactobacillus. Therefore, one can assume that the use of one of these combinations could interfere with the balance of vaginal flora contrary to Metronidazole-Miconazole-Polymyxin B-Neomycin-Centella asiatica and Nystatin-Neomycin-Polymyxin B specialties (MMPN and NNP, respectively), to which the three Lactobacillus strains are resistant at the assumed topical concentration.
The tolerance of lactobacilli is different depending on whether they grow in the presence of the active ingredient alone or the vaginal formulation. Indeed, results of the formulation MID are not always consistent with their active ingredient MICs. Some formulations appear to have a negative impact on the growth of Lactobacillus while their active ingredient MICs are above the CC. Most vaginal formulations have high doses and, as this study shows, the concentration of the active ingredient of a formulation at the MID can be higher than the MIC of the same active ingredient in its pure form. Thus, the dose administered will be higher than the dose tolerated by the Lactobacillus flora. For example, NNP, MNN and TNN share two active ingredients (neomycin and nystatin) but in NNP, which does not affect the growth of lactobacilli at the threshold concentration, the antibiotic is less concentrated. This difference in concentration may explain, at least in part, the disparity in the impact of these three products on the growth of lactobacilli.
To our knowledge, no in vitro study had yet tested the effect of so many vaginal formulations (n = 17) used in the treatment of infectious vaginitis. Previous studies have suggested harmful effects from active ingredients alone (clindamycin, metronidazole) on the growth of Lactobacillus flora [25] [26] .
Our study is subject to the limits applicable to all in vitro studies: the results are predictors of an antibiotic's efficacy but do not necessarily guarantee efficacy in vivo [27] . Thus, there may not be a correlation between the in vitro sensitivity of the lactobacilli and the in vivo impact of the vaginal formulations on all Lactobacillus flora. Nevertheless, this study gives an indication of which vaginal formulations are likely to reduce the Lactobacillus component of vaginal flora, leading to the possibility of the vaginal infection recurring.
Conclusion
The high concentrations of these vaginal formulations' active ingredients in the vaginal mucosa are capable of inhibiting one or more Lactobacillus strains, with harmful effects on the balance of normal vaginal flora. This study indicates that, of the 17 vaginal formulations indicated to treat vaginitis, six combinations of antibiotic and antifungal agents (out of eight), one antiseptic (out of three) and one antifungal agent (out of the six tested) could interfere with the growth of lactobacilli in healthy vaginal flora. This should be taken into account when choosing first-line topical treatments for infectious vaginitis. 
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